The deployment of fibres made of high performance materials such as aramid polymers is spreading in many different engineering applications. Thanks to their excellent mechanical properties, they are being applied also in the structural field. The question that prompted this study is whether nonlinearity can be used for assessing structural damage in aramid fibres. The idea was to detect weak nonlinearities in the dynamic response measured on fibres and ropes, and to look for correlations with damaged samples of the material. Positive results would usher the possibility of using such quantity as an indicator for evaluating the residual life span of aramid elements, cables and ropes. In order to investigate the sensitivity of this approach, nonlinear characterisation tests were carried out on aramid fibres by applying sweep-sine excitations at different loading levels. In order to have a comparison term and to test the setup machine, a similar characterisation procedure was also applied to fibres made with a different high performance material: silicon carbide.
Introduction
Over the last few years, high resistance aramid and ceramic materials fibres have had an increasing role in engineering applications, particularly in the mechanical and aeronautical fields. On the other hand, their application in civil engineering faces some crucial problems such as the maintenance or the rehabilitation and upgrading of structural members. Anyway, a large number of civil structures built accordingly to old design codes are typically unsafe with respect to more recent standards. Since the replacement of structural elements involves a large amount of public money and time, structural strengthening with fibres has become a widespread method to improve structural performances and to extend the service life of buildings (Arya et al., 2002; British Concrete Society, 2000) . High resistance aramid fibres thanks to their high tensile strength of these fibres, their low density and their resistance to corrosion, are starting to be applied in the civil engineering field. For instance, in structural engineering, fibre reinforced polymers (FRPs) are mainly used to repair corroded and damaged structures, as well as for the retrofitting of structures built in seismic areas. These high performance materials are very advantageous for a number of reasons: the lightness of the reinforcement, the considerable increase in ductility with no major addition of seismic mass, the fact that no special equipment is needed for their deployment, the limited number of operators and consequent lower cost of labour, and the ease of application in short time, often without interrupting operational conditions (Eslami and Ronagh, 2013; Granata and Parvin, 2001; Leeming and Hollaway, 1999) .
The undoubted potential of aramid materials notwithstanding, designers are reluctant to use them because of the uncertainties regarding their capacity to bear significant loads for a long period. However, recent research carried out on cable-stayed bridges has found that steel cables are vulnerable to corrosion even when they are well protected from the external environment, resulting in risk of structural malfunctions. Such results have shed new light on comparative advantages of aramid and ceramic materials, which instead offer good corrosion resistance and consequently assure long-term durability, compensating in this way for the high initial cost (they are several times more expensive that steel) (Hollaway, 1993) .
An additional point to consider is the fact that it might actually be easier to devise suitable non-destructive structural health monitoring (SHM) procedures for non-metallic high resistance ropes than it is for steel cables. The emerging use of SHM is also the result of an increasing use of lifecycle assessment in the design procedures of civil structures. SHM involves the observation of a structure or a mechanical system over time using periodical or continuous dynamic response measurements to determine the state of health of the system (Ceravolo, 2009; Farrar and Worden, 2007) .
In this regard, the idea that prompted this study is whether simple and non-destructive nonlinearity tests can be used for assessing structural damage in aramid fibres and elements, and was based on the observation that a damage of the material which would reduce its resistance is bound to reduce also the extension of the linear response section of its stress-strain characteristic (Ceravolo et al., 2013; Masri et al., 1982; Worden and Tomlinson, 2001) .
The experimental procedure consists of a fibre (or rope) sample tensioned at a stress-level similar to half the nominal resistance and the dynamical characterisation of its nonlinear behaviour. This procedure would be performed on samples before and after intentional damage is procured, looking for an increase in the weak nonlinearity of its dynamic response. A positive result would suggest that the level of nonlinearity can be used as an indicator for evaluating the residual life span of these elements.
The present work represents a first step in this direction, and it is aimed at showing that the level of nonlinearity can be easily assessed with a suitable test machine. Experimental data supporting the feasibility of this approach were taken on a Kevlar ® -29 rope and a silicon carbide (SiC) fibre bundle. In perspective, the interest of this kind of experiment lies in the implementation of a vibration-based non-destructive procedure of SHM to be applied on aramid elements, or in general on novel materials that could potentially be used in structural engineering and in particular in the field of structural control.
Kevlar and SiC: properties and applications
Aramid, carbon and glass fibres are typically used in composite materials and have been used in structural engineering for more than 20 years (Burgoyne and Sham, 1987; Burgoyne, 1999) . These materials possess a combination of high strength, high stiffness and good resistance to creep and corrosion, they are non-magnetic and resistant to various types of chemicals. For these reasons, Kevlar ® and SiC are perfect to be used in harsh environments. To make more explicit the performance of these materials, Table 1 shows the mechanical characteristic of the main high resistance materials used in civil applications. Characteristics of steel are also shown for comparison, because it is normally used in structural reinforcements (Burgoyne, 1987) . It must be pointed out that no data are reported in this table on damping and nonlinearity. In fact, no data were found in the literature on these characteristics. For instance, these novel materials might find application in external and internal pre-stressing, strengthening of structures through composite plates, composite bars as reinforcement, composites in the marine and railway industries and in ground engineering.
Kevlar fibres
In 1971, in the laboratories of DuPont, the researchers developed and patented a para-aramid fibre called Kevlar For what concerns mechanical and chemical properties, aramid fibres are characterised by high values of tensile strength, comparable with that of most common carbon fibres, but the typical elastic modulus values are lower (Zhu et al., 2011) . The high value of specific strength makes them particularly suitable in aviation applications, while their high impact resistance has suggested the use of special military applications. Bulletproof vests are now made of Kevlar ® , for example. In the field of civil construction, the aramid does not find great use in the restoration of reinforced concrete structures as carbon fibres (at the same cost, with a higher elastic modulus) have greater ability to bear loads, for the same deformations imposed on the reinforced structure (Chailleux and Davies, 2003) . The use of aramid fibres is therefore indicated in the reinforcement of masonry structures where a high elastic modulus is not necessary (Burgoyne, 1992; Saadatmanesh, 1997) . Kevlar ® material has good resistance to chemicals and environmental agents: the rate of hydrolytic degradation at a relative humidity of 100% was estimated to be equal to less than 1% in a year. This means that after three years of exposure at seawater, no reduction in strength tensile for both Kevlar ® 29 yarn than for Kevlar ® 49 can be detected (Burgoyne, 1987; Hollaway and Burgoyne, 1990) .
Another very important Kevlar ® property regards the resistance to high temperature. The Kevlar ® manifested small reductions in tensile strength at temperatures slightly higher than 180°C. However, beyond this temperature it is likely to have significant reductions in tensile strength. In addition, aramid fibres at high temperatures do not melt and do not feed the combustion; for this reason the material can be defined as a retardant of combustion and a 'self-extinguishing'.
SiC rope
SiC, also known as carborundum, is a compound of silicon and carbon and its chemical formula is SiC. It is present in nature as the extremely rare mineral moissanite. This material powder has been mass-produced since 1893 as abrasive, but grains of SiC can be bonded together by sintering to form very hard ceramics that are widely used in applications requiring high strength, such as in the automotive field or for ceramic plates in bulletproof vests.
SiC has been identified as a well-suited material for harsh environment because of its unique materials properties: it is mechanically robust, chemically very stable, making it resistant to erosion and corrosion and it is inert to most chemicals at room temperature though some reactions can happen at very high temperatures.
Its high sublimation temperature makes it useful for bearings and furnace parts, it has very high thermal conductivity, very low thermal expansion coefficient. Consequently can bear large temperature excursions, operate for extended time at high temperature, and can be exposed to highly corrosive and erosive conditions, intense radiation and high shock or intense vibration.
For harsh environment applications such as combustion monitoring, process control, military and space navigation, space exploration and in civil engineering until now, SiC has been used mainly in sensors and devices for SHM, a sector of particular interest for this work.
Knowing the properties mentioned above, SiC lends itself to be used in various field such as for example abrasive and cutting tools, structural materials automobile parts, electric system, electronic circuit elements, steel and graphene production and so on.
Testing procedure
The testing procedure consists in analysing the dynamic behaviour of rope samples, in order to measure their nonlinear coefficient. To this aim, it is necessary to realise a testing machine capable of measuring very small damping rates, which implies that the energy dissipated in the machine must be much smaller than the energy dissipated in the material. Therefore, the dynamic test is carried out at resonance of a spring-mass system, and the nonlinear coefficient is obtained with the backbone method from the shape comparison of resonance curves measured at different drive levels. However, the effect is easily masked by additional damping, which must therefore be avoided. This task is particularly hard when dealing with the high resistance materials under consideration because of their very small mechanical damping. It is therefore necessary to equip the test machine with extremely low damping exciter and sample bracing apparatus, as those are the two most critical aspects as far as energy dissipation is concerned.
The originality of this work is the realisation of a homemade testing apparatus in the Metrology Laboratory of the Department of Electronics of the Politecnico di Torino, which is able to match these specifications, and show therefore that such nonlinearity tests can be easily performed on high resistance fibres.
Testing equipment
The testing machine frame (Figure 1 ) is composed by a 0.5 m long aluminium beam (cross-section: 40 × 40 mm), resting on two cylindrical aluminium holed columns (h = 95.4 cm; diameter: 5 cm, thickness: 0.5 cm). The base is a massive 0.6 × 0.6 × 0.145 m granite block.
The fibre specimens are mounted vertically, with the top fixed at the middle of the horizontal beam and the bottom holding a hanging aluminium block which gives it the desired tension. An optical position sensitive detector (PSD) was employed in order to measure the displacement of the hanging mass during the test. Five out of six degrees of freedom of the suspended mass are constrained in order to allow only the vertical one by means of a web of horizontal 'tie-rods' realised with nylon threads. Because the small movements of the mass are perpendicular to such tie-rods, their elastic work is negligible by the cosine law, and so it is their contribution to dissipated energy. The PSD consists of an 8 mm diameter ball lens, which focuses a laser light beam onto a four quadrant split photodiode. With a 1 mW laser power level, the sensitivity obtained after differential amplification is 60 mV/μm, with a real time noise limited resolution of the order of 0.1 μm. The S/N ratio is limited by maximum power acceptable at the detector.
The light source itself is a 10 mW HeNe laser, which must be suitably attenuated to avoid detector damage and saturation, as the laser is focussed by the ball lens. Figure 2 shows a detail of the hanging aluminium block of 1.375 kg which has been acting as a preload for the tested specimen. A plastic card was fixed vertically below the hanging mass and one single copper conductor was glued horizontally to its lower rim. The length of the sample was tailored in such a way as to position the conductor half way down the gap of the magnet. The current in the copper conductor placed on a plastic card and the magnet generate an electromagnetic force in the vertical direction. In this way the driving force was applied to the suspended mass and, consequently, to the fibres. In order to guarantee that the sample be always in tension, care must be taken to limit the forcing sine wave tension F p applied through the voice-coil by the sine wave generator output voltage V p , so that it always satisfy the condition:
In fact, the pre-load force is given by the m · g weight of the suspended mass, while the forcing term force is produced by the voice-coil and is given by Fp = B · I · l b , where the force F p is proportional to the magnetic flux density B, the current I and the length of the copper wire l b , which is within the magnetic gap. In this case B is 1.2 T, the current intensity is V p /50 Ω, where V p is the voltage produced by the sine wave generator, and l is 5 cm. The result is a peak force F p of 0.6 mN per V, or 6 mN at the maximum available generator output of 10 V p . Moreover, the maximum amplitude of the sine wave force acting on the sample at resonance is Q times greater (where Q is the quality factor). Since Q turned out to be about 160 for the SiC sample and 85 for the Kevlar ® sample, the maximum peak amplitude of the sinusoidal force is then about 1 N for the SiC sample and about 0.5 N for the Kevlar ® sample. In both cases the condition described by equation (1) was satisfied.
The differential amplification of the split detector output is proportional for small signals to the displacement of the ball lens and indirectly the elongation of the fibre. A correct positioning of the photodiode by the micrometre slides can guarantee zeroing at rest. An acquisition card and a LabView application were used to record the collected data on csv files.
Specimens
As previously mentioned, two different materials were investigated: a SiC and a Kevlar®-29 sample, whose main characteristic are shortly listed hereinafter. The SiC (type S) test specimen used had a length of 0.66 m and consisted of 500 parallel single fibres with a diameter of 12 μm each and, consequently, a cross sectional area of 0.0565 mm 2 . The modulus of elasticity of the fibre was about 400 GPa and the density is about 3,000 kg/m 3 .
For what concerns the Kevlar ® -29 test specimen used, it had a length of 0.66 m, was a rope consisted of 3,000 single fibres with a diameter of 8 μm each and the cross-sectional area is of 0.151 mm². The modulus of elasticity of the fibres was about 70 GPa whilst the linear density was about 1,440 kg/m³. Table 2 The main features of samples tested in this work 
Experimental investigation and results
The tests involved both materials and consisted in free-decay and forced oscillations at resonance. The hanging 1.375 kg aluminium block had the role of the mass in a mass-spring resonator. The mass is designed to make the biasing DC stretch of the sample typically a few percent of its tensile strength, so that resonant measurements may be carried out without fully unloading the sample. This testing apparatus can be used for both free-decay and forced tests. In the forced mode, the excitation is provided by a homemade voice coil delivering 60 mN/mA, and a function generator (AGILENT 33220A) which has, for sine waves, a frequency range that spans from 1 μHz to 20 MHz and an amplitude flatness of 0.1 dB below 100 kHz.
Free-decay testing
In order to characterise the dynamic behaviour of the fibres, free-decay tests were carried out. In the free decay mode, single pulse excitation is applied to the upper beam; the ring-down of vertical oscillations is observed at the detector and digitally recorded after A to D conversion. The tests make it possible for the identification of natural frequencies and damping ratios of both samples. The system identification was performed with time domain fitting techniques applied to the Hilbert transform (Feldman, 1997 (Feldman, , 2011 Hahn, 1996) envelops of the acquired signals, in MATLAB environment. Figures 3 and 4 depict the envelope of the measured signal, blue line in the graph, whereas the dashed red line represents the fitted signal. Results were double checked using the standard ERA technique (Juang and Pappa, 1985) .
The application of curve fitting techniques over free-decay signal sampled at 2,500 Hz gave for the SiC sample a resonance frequency equal to 24.70 Hz and a damping ratio of 0.31%, whilst for the Kevlar ® -29 sample a value of resonance frequency of 17.09 Hz and a damping ratio equal to 0.59%. Figures 5 and 6 show the dynamic response U(f) in the frequency domain. The measured damping ratios can be directly linked to the intrinsic material dissipation factor, because all other dissipation phenomena can be actually neglected. 
Sweep-sine excitation testing
A forced vibration tests was performed in order to highlight possible presence of weak nonlinearity in the material behaviour (Ta and Lardiès, 2006) . The excitation force applied to the system in forced oscillations, was a linear sweep sine signal. The sweep range was of ±0.125 Hz centred on the resonance system frequency, the sweep length was of 500 s and the sampling rate was of 2,500 Hz. The sweep test was carried out at ten different amplitudes: from 1 V to 10 V, these voltages correspond to a force induced by the electromagnetic field spanning from 1.4 mN to 14 mN respectively (milliNewton). The amplitude of the static force applied at resonance roughly corresponds, by applying the dynamic response factor (computed by considering a damping ratio of about 0.5% for both materials), to a force that spans from 0.14 N to 1.4 N (about 0.1% to 1% of the tensile strength of the materials). Figures 7 and 8 show the results obtained from the sweep-sine tests with increasing amplitude. The envelope of the signals has been extracted and, to reduce the noise, a moving average window of five samples has been applied to it (bold curve). The frequency resolution of these plots corresponds to 1/500 Hz, which is an unusually low value for this type of mechanical measurements.
The red dots in the graphs correspond to the maximum measured values. The trend of these points highlights the nonlinear material behaviour, more evident in the SiC sample (Figure 7 ). Trying to quantify the nonlinear material behaviour, the backbone curve was then identified.
Nonlinear identification of the backbone curve
In order to represent the dynamics of a system characterised by a cubic nonlinearity excited by a harmonic force, one may recur to the Duffing oscillator equation:
where m, x, c, k, χ and F are the mass of a system, displacement, damping ratio, linear stiffness, cubic stiffness parameter and excitation amplitude, respectively. In order to identify the nonlinearity, the Krylov-Bogoliubov method was used to determine the variation of the first nonlinear resonance frequency of the Duffing oscillator in equation (2), which is characterised by a nonlinear force-displacement relationship (Kalmar-Nagy and Balachandran, 2011; Nayfeh and Mook, 1995) . In more detail, the distortion in frequency f is quantified using:
where a is the amplitude of the response, k is the linear stiffness, f n is the natural frequency of the underlying linear system and χ is the cubic stiffness coefficient. A positive (negative) cubic stiffness parameter corresponds to a hardening (softening) spring.
Equation (3) was used to identify the so-called backbone nonlinear curve of the response, as it is highlighted by dashed red line in Figures 9 and 10 . Unlike the amplitude response in the linear case, the amplitude response of a nonlinear system is generally multivalued. For negative values of cubic stiffness parameter, the response curve deviates toward lower frequencies, resulting in a softening response. The red dots highlight the maximum points of the frequency response curves. It is worth to notice, from Figures 7 and 9 , that the SiC sample evidences a quite marked nonlinear behaviour. On the other hand, the Kevlar ® -29 sample seems to behave almost linearly (Figures 8 and 10 ). These results reflect what is represented in Figures 9 and 10 , where it is possible to observe how the SiC has much more marked distortion in the backbone curve, given by the higher χ coefficient compared to Kevlar ® -29. This approach confirmed the high-sensitivity of the testing apparatus also to low-levels of nonlinearity. In fact, these low nonlinear effects in the measurements are given only by the intrinsic nonlinearities in the materials. In the future, the same approach will be applied to material samples to be deteriorated in different ways: mechanically, with UV light or with chemical agents.
Conclusions
The final aim of this preliminary research is to understand whether simple non-destructive nonlinearity tests could be used in the future for assessing damage, defects and malfunctions in fibres and elements. The idea is to associate weak nonlinearity, as detected in the dynamic response to harmonic and sweep-sine tests, to indicators for use in safety and lifecycle assessment. For the two tested materials, namely Kevlar ® and SiC, the cubic coefficient χ of an equivalent Duffing oscillator represents a weak nonlinear indicator. In the near future, a further testing campaign will be conducted on artificially damaged filaments and ropes (e.g., mechanical deterioration, UV deterioration, chemical agent attacks) in order to be able to associate the weak nonlinearity indicator to the residual life of elements and cables.
